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Sodium coupled cotransport and hypertonic VRI
One of the basic physiologic properties of cells is the ability
to regulate their volume. In general, vertebrate cell membranes
are freely permeable to water and, therefore, water distributed
between the cytosol and extracellular environment is in ther-
modynamic equilibrium. This is also true for the "water-tight"
renal epithelia (such as cortical and medullary collecting tu-
bules, and medullary thick ascending limb of Henle [mTAL])
[1—4]. Furthermore, certain segments of the mammalian neph-
ron are exposed to major changes in their osmotic environment
as a consequence of their normal function in vivo. For example,
during transition from a water diuretic to an antidiuretic state,
total osmolality, urea, and NaCl concentrations in the renal
cortex remain relatively constant, whereas they increase pro-
gressively from the corticomedullary junction to the tip of the
inner medulla [5]. In the setting of dramatic changes in the
tonicity of interstitial fluid that provide a driving force for cell
water gain or loss, renal medullary cells must adjust their
volume accordingly to avoid excessive swelling or shrinking.
This review will focus on the Nat-coupled transport systems
utilized by cells of medullary nephron segments to undergo a
volume regulatory increase (VRI) response and, thereby, main-
tain cell volume homeostasis in the setting of hypertonic stress.
It should be noted that these, and other cell types, are also
subjected to additional challenges to the maintenance of their
cell volume (Fig. 1). These include: 1) the presence of charged
and uncharged intracellular macromolecules which creates an
osmotic gradient for water entry and threatens to swell and lyse
cells; and 2) the effects of rapid changes in the rate of transcel-
lular solute traffic (absorptive or secretory) which might shrink
or swell cells. The latter has been referred to as the "flush-
through effect" by which sudden increases in solute leak rates
(that is, Nat-glucose cotransport in proximal tubule epithelia)
are compensated for by an increase in Na,K-ATPase (pump)
activity [61. Excellent discussions of these issues are available
in recent reviews and will not be addressed further in this report
[7, 8].
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Historical perspective: A role for sodium in volume
regulation
Earlier studies, many of which utilized tissue slice tech-
niques, have suggested that cells located in the renal medulla
undergo a volume regulatory increase response after exposure
to hyperosmolar solutions. This process appeared to be depen-
dent upon the cellular uptake of inorganic ions [9—111. Urea had
no significant effect on cell volume, presumably because of its
high cellular permeance [9]. Morgan demonstrated that isolated
rap papillae responded to a fourfold increase in medium NaCl
concentration (150 to 600 mM) by increasing intracellular Na
content 250%, while decreasing cell volume by only 25 percent
[10]. No significant change in intracellular K content was
observed. These data implied that papillary cells maintain both
osmotic equilibrium and volume homeostasis via net Na
uptake. Although this work is compelling, the results must be
interpreted cautiously because values reported for cell Na
content in that study were extremely high compared to values
obtained by other accepted methods. This may reflect: 1)
compromise of the metabolic state of the tissue, thereby limit-
ing Na ,K-ATPase activity; and/or 2) inaccurate determina-
tion of interstitial and cell volume by distributions of inulin and
3H20.
Law [11] has shown that extracellular inorganic anions ap-
pear to contribute to the cell volume regulatory response in the
mammalian inner medulla. Outer medullary slices from rat
kidney accumulated intracellular chloride in response to hyper-
tonicity, and this response was abolished by the anion exchange
inhibitor, SITS. Acetazolamide also inhibited volume regula-
tion in this preparation, thus implicating C1 :HC03 exchange
as a requirement for this response.
Recent evidence suggests that volume adaptation by renal
medullary cells, and possibly other cell types, in response to
hypertonic stress, may not be limited to the uptake of inorganic
ions. Beck et al [12] and Saubermann [131 have shown, using
electron microprobe analysis of inner medullary collecting duct
cells from dehydrated rats, that the intracellular electrolyte
content was significantly less than that of interstitial fluid. The
magnitude of this osmotic gap ranged from approximately 100
to 600 mOsm and was attributed to intracellular accumulation of
osmotically active organic compounds that have been referred
to as osmolytes. Subsequent studies by Gullans et al [14] and
others [151 have identified several osmolytes in mammalian
renal inner medulla using proton nuclear magnetic resonance
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Fig. I. Challenges to the maintenance of
epithelial cell volume.
spectroscopy and biochemical methods. In addition, medullary
content of several of those compounds (such as, glycerophos-
phorylcholine, betaine, sorbitol, and inositol) have been shown
to increase significantly during dehydration [14, 151. Further-
more, there is evidence that antidiuretic hormone (ADH) may
participate in the modulation of this response [161 as well as in
the accumulation of inorganic ions [17—19].
The cellular accumulation of inorganic and organic solutes
during hypertonic stress in renal medullary cells may represent
a highly coordinated and ordered event similar to that described
for other cell types (Fig. 2) [20, 211. For example, algae have
been shown to undergo a triphasic response to environmental
hypertonic stress: 1) initial osmometric water efflux from intra-
cellular to extracellular fluid with cell shrinkage followed by 2)
rapid cellular uptake of NaCI, with return of cell volume toward
control values (VRI response), and then 3) synthesis and
accumulation of glycerol with parallel decreases in intracellular
sodium [221. A similar, coordinated response to osmotic stress
between the accumulation of intracellular potassium ions and
the organic osmolyte, betaine, has been observed in certain
bacteria [23]. At high media osmolality, an osmoresponsive
gene, the kdp operon, encodes a potassium transport system
resulting in intracellular accumulation of potassium. The result-
ing increase in the ionic strength on the cytosolic fluid has been
suggested to be the trigger for transcription of another osmo-
regulatory gene, the proU locus. The latter gene encodes a
high-affinity betaine transport system which leads to the cellular
accumulation of betaine. A hypothetical model of hypertonic
volume regulation in renal epithelial cells that integrates the
rapid activation of ion cotransport events with the more chronic
accumulation of organic osmolytes is outlined in Figure 2.
While all of these issues have important implications for cell
volume control in renal medullary cells, the present review will
focus on our present understanding of the ion transport systems
involved in the initial rapid volume regulatory response to
hypertonic conditions.
Mechanisms proposed for Na +
-coupled cotransport during
hypertonic VRI
Secondary active transport processes have been proposed to
account for net inorganic ion movement into cells during the
early phase of hypertonic volume regulation. Two ion transport
Cell accumulation
of INaCII
Fig. 2. Proposed sequence of events resulting in hypertonic cell vol-
ume regulation. tosmolytes] = osmotically active organic compounds.
models have been suggested to explain this volume regulatory
response in epithelial [1, 24] and non-epithelial cells [25, 261
(Table 1). One ion cotransport model applied to the hypertonic
VRI response described in various epithelial and non-epithelial
cell types proposes a C021HC03 sensitive mechanism in
which NaCI uptake depends upoin parallel Na:H and Cl:
HC03 exchangers [17, 24, 25]. This is an electroneutral
process requiring extracellular Nat, C1 and HC03 and
resulting in net cellular accumulation of NaCl and loss of
H2C03 (that is, CO2 + H20). This results in net accumulation of
intracellular osmoles and osmotic influx of water with subse-
quent normalization of cell volume.
Another model, derived from VRI phenomenon in other
lOsmolytes]
Isotonic
Hypertonic
H20
LNaCII loss
Accumulation
or production
of osmotytes
HCO
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Table 1. Ion cotransport mechanisms active during hypertonic
volume regulation in various cell types
Transport mechanisnis for VRI°
Na-H and
Cell type Na-K-2C1 Cl HCO3
Mammalian renal epithelia
Rabbit proximal tubule (?)" (?)b
Mouse mTAL — 17, 18
Rat medullary/papillary slices — 9—11
Rat papillary CD (?)"
Non-mammalian renal epithelia
Necturus proximal tubule — 27
Others
Necturus GB — 24
Peripheral blood monocyte (human) — 28—30
Avian RBC (?)b
Amphiuma RBC — 26
Erlich cell ascites tumor 31 —
Human fibroblast 32 —
Frog skin 33 —
a Reference cited in review
b (?) mechanism not identified
epithelial and non-epithelial cell preparations, involves an elec-
troneutral Na-K-2C1 cotransport process, thereby directly cou-
pling cation (Na, K) and anion (Cl) movement [26, 341.
During hypertonic stress, Na and C1 enter the cell via this
transporter down electrochemical gradients, whereas K enters
against its electrochemical gradient. Chloride content is further
regulated by a C1 :HC03 exchanger and high membrane CI
conductance. The latter exceeds the conductance for Na and
K by as much as 100-fold (such as duck RBC) such that the net
uptake of Na and K exceed that of Cl—. Cell buffering
capacity neutralizes the related transient alkalinization. This
model requires extracellular Na, K and Cl— in the media and
is independent of CO2 and HC03. Kregenow [261 has pro-
posed that net movement through the transport system is a
function of the electrochemical gradients for Na and K.
Evidence for C02/HC03-dependent Na cotransport during
VRI
Renal tubular epithelia
Recent studies have identified a hypertonic VRI response in
the mouse medullary thick ascending limb (mTAL) that has
many of the characteristics described for the C02/HC03
dependent cotransport model outlined above [17]. These stud-
ies were performed using the in vitro tubule perfusion tech-
nique, and differential interference contrast microscopy cou-
pled to a computer-assisted image analysis system provided
direct measurement of cell volume changes. Hebert has shown
that an abrupt increase in peritubular bath osmolality (from 290
mOsm to 340 mOsm) results in an initial decrease in mTAL cell
volume due to osmotic water loss. Following this osmotic
response, cell volume rapidly increases (within 2 to 5 minutes)
to the initial isotonic volume despite continued exposure to
hypertonic media [18]. An important observation in these
studies was that the VRI response occurs only in the presence
of antidiuretic hormone (see below).
Two lines of evidence suggest that the VRI response in the
mTAL appears to be due to a rapid influx of NaCl into cells.
First, a characteristic feature of the VRI response is an increase
in cell volume above the control value when bath isotonicity is
restored (that is overshoot phenomenon), indicating that cell
solute content increased during the volume regulatory re-
sponse. In addition, the VRI response in this segment requires
the presence of Na and Cl in the peritubular (but not luminal)
solutions; that is, when C1 was substituted with isethionate, or
Na replaced with N-methyl-d-glucamine, the VRI response
was not observed [171.
The mechanism of basolateral NaCI uptake during hypertonic
VRI in the mouse mTAL was determined using inhibitor and
ion substitution studies. The VRI response is a secondary
active transport process that can be abolished by inhibiting
metabolism (by reducig temperature to 15 to 17°C) and/or by
inhibiting basolateral NatK ATPase [17, 18]. In addition,
VRI is a C02/HCO3-dependent process: when C02/HC03
was removed from external solutions (isohydric buffering with
HEPES rather than HCO3) or when the carbonic anhydrase
inhibitor, ethoxzolamide, was added to peritubular media in the
presence of C02/HC03, VRI was abolished. Participation of a
C1 :HC03 exchange as the mechanism for VRI-mediated
chloride uptake into cells was suggested by inhibition of hyper-
tonic VRI with the stilbene, SITS (10—a M). Participation of
Na :H exchange in VRI was suggested by the observation
that peritubular, but not luminal, amiloride (1O— M) inhibited
hypertonic VRI. Thus, Na:H and Cl:HC03 exchangers
present in the basolateral membrane appear to mediate NaCl
uptake during hypertonic VRI in the mouse mTAL, and ADH
appears to be essential for the expression of this response.
The mouse medullary and cortical thick ascending limb cells
are heterogeneous with regard to the ability to demonstrate a
VRI response on exposure to hypertonic media, as the cells of
the cortical segment did not volume regulate in response to
hypertonic media using identical conditions [18]. This hetero-
geneity is consistent with exposure of medullary, but not
cortical, nephron segments, which vary in their osmotic envi-
ronment in vivo (that is, during transition from a water diuretic
to an antidiuretic state). In addition, Sun and Hebert [19] have
recently demonstrated a rapid, ADH-dependent hypertonic
VRI process in isolated perfused rat inner medullary collecting
ducts (IMCD). While the ion transport processes responsible
for VRI in the IMCD are not yet known, the rate of VRI in this
segment is three-to-four times that in the mouse mTAL. The
higher rate of VRI in the IMCD may represent an adaptation to
the higher osmolality developed in the inner medulla compared
to the outer medulla.
Although, in general, cortical segments do not appear to
show a rapid VRI response to sudden and large (>50 mOsmlkg
H,O) increases in osmolality, non-perfused rabbit proximal
tubule segments (S2) can increase their net intracellular ion
content under certain conditions. Lohr and Grantham [36, 37]
have observed maintenance of proximal cell volume during
slow increases (less than 2 mOsm/min) in media osmolality up
to 360 mOsm/kg H20 when acetate is present in solutions.
Moreover, Rome et al [38] have shown, using electron micro-
probe analysis, that these cells accumulate Na and C1 and
decrease intracellular K content in response to an increase in
media osmolality from 290 mOsm to 400 mOsm. This process
appears to require the presence of fatty acid substrates (such as,
butyrate, valerate). Although cell volume was not measured in
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this latter study, these results (particularly when viewed in the
context of the earlier Lohr and Grantham studies [36, 371
suggest a volume regulatory response mediated, at least in part,
by the net uptake of inorganic ions. However, it should be
noted that the rate of this VRI response is quite slow compared
to those demonstrated for medullary nephron segments and
only occurs with slow increases in osmolality.
The situation in non-mammalian proximal segments is quite
different. Lopes and Guggino [271 have demonstrated that the
Amphiuma early proximal tubule undergoes a prototypic YRI
response to a sudden increase in media osmolality. When
HC03 was omitted from the bathing solution in an in vitro
tubule perfusion preparation, the VRI response was abolished.
In contrast, [Nat, Cl—I cotransport in this segment under
isotonic conditions is not HC03 dependent. Therefore, it
appears that the ion cotransport mechanisms which mediate the
hypertonic volume regulatory process in this segment have
characteristics similar to those of the mTAL cells.
Non-renal cells
Neuturus gallbladder. Ericson and Spring [24] have shown
that the Necturus gallbladder epithelium undergoes a hyper-
tonic VRI response. As with the other epithelial preparations
described above, this process requires Nat, Cl and HC03 in
the bathing medium. Similarly, this VRI response is abolished
in the presence of amiloride and SITS, implicating activity of
both Na:H and Cl:HC03 exchangers. Bumetanide, which
inhibits the NaCl uptake cotransport process under isotonic
conditions does not inhibit the ion cotransporters involved in
the VRI mechanism. This suggests that the latter cotransport
processes, normally quiescent during isotonic conditions, pre-
dominate during hypertonic stress. Ouabain did not impede the
hypertonic VRI process, suggesting that Na-KATPase was
not directly involved.
Lymphocytes. Grinstein and coworkers [251 have shown that
peripheral blood monocytes (PBM) undergo a VRI response.
After initial swelling in hypotonic medium, these cells shrink
toward their original volumes (volume regulatory decrease
VRD). When resuspended in isotonic media, the cells shrink
transiently and then increase their volume toward normal
(post-VRD VRI). As with epithelial cells described above, this
response was inhibited when Nat, HC03 or C1 (but not K)
was removed from the incubation medium. Furthermore, the
cell gained Na and K during the re-swelling phase. Ouabain
did not prevent either Na accumulation or the VRI response,
suggesting that Na-K ATPase is not essential for hypertonic
volume regulation in this cell type. Thus, it appears that Na
uptake is the primary phenomenon of the VRI in this system,
whereas the exchange of intracellular K through the Na
pump is a secondary event.
Amiloride inhibited osmotically stimulated cation fluxes and
the associated hypertonic VRI, supporting a role for Na :H
exchange in the VRI response. When PBM were acid loaded
with nigericin, external Na induced an amiloride-sensitive
alkalinization intracellularly with concomitant Na uptake. In
addition, this response was shown to be electroneutral, further
supporting a mechanism for volume regulation involving
"cotransport" of NaCl via parallel Na:H and Cl:HCO3
exchangers.
In summary, C02/HC03-dependent hypertonic volume reg-
ulation occurs in epithelial and non-epithelial cells. The VRI
response common to these different cell types can be explained
on the basis of coupled uptake of Cl and extrusion of HCO
operating in parallel to a Na :H antiporter. As a consequence,
this process is electroneutral, pH-balanced and osmotically
effective.
Evidence for C02-HCO3 independent Na coupled
cotransport
Rabbit inedullary thick ascending limb cells (mTAL)
Eveloff and Calamia [341 have reported that Na-K-2C1
cotransport occurred in rabbit mTAL suspensions in hypertonic
C02/HC03 free medium but not under isotonic control condi-
tions. In isotonic media, furosemide-sensitive 22Na flux was
not stimulated by K gradients and furosemide sensitive 86Rb
flux was not stimulated by Na gradients directed into the cells.
These results suggested Na, Cl— cotransport occurring inde-
pendently of the Na-K-2C1 cotransporter. In contrast, cell
suspensions made hypertonic with mannitol had significant
increases in furosemide-sensitive Na and Rb fluxes.
Since cell volume measurements were not made in this study,
conclusions regarding the role of this cotransport process in a
volume regulatory response in this tissue is purely speculative.
However, if such a mechanism does contribute to hypertonic
VRI, then expression of a Na-K-2Cl cotransporter in rabbit
mTAL epithelium under hypertonic conditions differs strikingly
with the proposed mechanism of hypertonic VRI in the mouse
mTAL. The latter process is dependent upon CO2 and is not
inhibited by furosemide. Interestingly, carbonic anhydrase,
which is required for the hypertonic VRI in mouse mTAL, is
abundant in that tissue (as well as in human, monkey, guinea
pig; [39]), but not in rabbit mTAL. Thus, these species may
have adapted systems of volume regulation based, in part, upon
enzymatic constituents.
Avian erythrocytes
Osmotic shrinkage of erythrocytes stimulates a ouabain-
insensitive Na,K,2Cl cotransport system 10- 20-fold [35]. Re-
moval of one or more of these ions blocks this response.
Kregenow has shown that an extracellular K concentration
([K]0) greater than 2.5 m is required for the VRI response.
At [K]0 2.5 m, the sum of the electrical potential (u) for
Na and K is zero, hence, there is no net cation flux as the
system is in thermodynamic equilibrium. Raising [K]0 in-
creases the magnitude of the sum of the electrochemical gradi-
ents for Na and K, thereby creating a driving force for the
uptake of Na down its electrochemical gradient and K up its
electrochemical gradient. In additon, measurement of 36C1
fluxes during inhibition of Cl : HCO exchange by SITS
showed that C1 passively accompanies Na and K fluxes.
Loop diuretics (such as, furosemide and bumetanide) blocked
these transport events and the related hypertonic VRI re-
sponse, further implicating a Na-K-2C1 cotransporter.
Cellular regulation of the VRI response
It is apparent from the evidence presented thus far that many
cells regulate their volume by altering cell ion content. Recent
studies have demonstrated that this process is modulated by
complex hormonal, biochemical and physico-chemical interac-
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lions. This section will focus on the emerging roles of ADH,
catecholamines, and protein kinase related events as regulators
of ion transporters involved in the volume regulatory responses
of various cell types.
Involvement of the adenylate cyclase system
The adenylate cyclase system, when stimulated by various
agonists, appears to mediate changes in cell volume in several
cell types, including mouse mTAL and avian erythrocytes.
Although these responses share several characteristics, (such
as, requirement for extracellular Na and Cl), marked differ-
ences are also evident.
ADH. Hebert has shown, using in vitro tubule perfusion
techniques, that ADH is required for mouse mTAL and rat
IMCD to undergo hypertonic volume regulation [17—191. Earlier
studies have shown that ADH-stimulated NaCl absorption by
mouse mTAL cells, under isotonic conditions, is mediated by
cAMP (that is, via V2-receptors) [40]. To determine whether the
hypertonic YRI response in this segment, which requires NaC1
uptake, is dependent upon similar receptor mediated events,
ADH was substituted by 1 mtvi DB-cAMP during osmotic
shrinkage [18, 351. The hypertonic VRI response seen with
ADH was reproduced completely by DB-cAMP. Furthermore,
substitution of ADH by 10 M forskolin, a direct stimulator of
adenylate cyclase (that is, a V2 receptor response), also resulted
in hypertonic VRI. However, these two ADH-dependent pro-
cesses (net NaCl absorption and cellular NaCI uptake during
VRI) are independent events (Fig. 3). This was established by
the observation that abolishment of net NaCI absorption with
1O M luminal furosemide had no effect on ADH-dependent
VRI [27]. A recent set of studies has provided additional
evidence for an important role of ADH in the VRI response of
the mouse mTAL. Like mammalian peripheral blood lympho-
cytes, the cells of the mTAL only demonstrate a post-VRD VRI
response upon return to isotonic media. However, this process
only occurs when the mTAL cells have been exposed to ADH.
Therefore, these findings implicated the adenylate cyclase
system as an important modulator of hypertonic volume regu-
lation in mammalian medullary nephron segments.
The specific cAMP-dependent cellular events responsible for
the volume regulatory process in medullary nephron segments
are undefined. Further studies will be required to determine if
ADH (cAMP) mediated events are necessary for the insertion
NaCI or activation of quiescent transporters (that is, Na:H and
absorption Cl :HC03 exchangers) in the basolateral membrane. In con-
trast to the apparent cAMP mediated hypertonic VRI response
described above, Kahn has demonstrated that parathyroid
hormone (PTH) or DB-cAMP inhibit Na:H exchange in
brush border preparations of rabbit proximal tubules [41]. Thus,
it appears that additional factors (such as, species and/or tissue
heterogeneity) contribute to the adenylate cyclase mediated
VRI response to changes in osmolality and hormonal stimuli.
mechanism
f3-adrenergic agonists. Adrenergic hormonal stimulation of
avian erythrocytes modulates ion transport events with subse-
quent alterations in cell volume. Addition of norepinephrine to
isotonic suspensions of avian erythrocytes results in cell swell-
ing. This response is also characterized by a predominant
increase in intracellular K and Cl, with a smaller increment
in cell Na content. In contrast to hypertonic VRI described for
this cell type, epinephrine-stimulated volume increase occurs
relatively rapidly, reaching equilibrium within approximately 15
minutes (compared to 60 minutes with a hypertonic YRI re-
sponse; [421). Substituting epinephrine with DB-cAMP repro-
duces the volume increase response in these cells. Further-
more, propranolol, a beta-adrenergic receptor blocker inhibits
this process. Thus, while mTAL cells require both ADH and
hypertonic media to express the prototypic YRI response
described above, avian erythrocytes can undergo volume in-
creases in isotonic media (with norepinephrine present) or in
hypertonic media (without norepinephrine present). The cellu-
lar mechanisms responsible for these different responses are
unknown.
Role of intracellular pH
Intracellular pH (pH1), which is regulated at least in part by
Na :H + exchange, is an important factor in the hypertonic VRI
response for several different cell types. Grinstein, Clarke and
Rothstein determined [281, based on the mean buffering capac-
ity of lymphocytes shrunken in isotonic media after pretreat-
ment in hypotonic buffer (see above), that at least 1.5 nmol
Na/l06 cells are taken up via this amiloride sensitive antiporter
during the initial 6 to 8 seconds of the VRI response. Of note is
that a significant amount of Na uptake occurring through the
Na-H exchanger is not manifested by a pH1 change because
of simultaneous activation of a Cl— :HC03 antiporter.
The Na:H exchanger in lymphocytes is virtually quiescent
at physiologic pH1 despite concentration gradients for Na
([Na]0 >> [Na]1) and protons ([H]0 < [H]) that should
favor Na influx and H efflux [291. In addition, the response of
the Na:H exchanger to various stimuli appears to be asym-
metric. For example, the interaction of external Na with the
antiporter follows Michaelis-Menten kinetics, whereas the
[H]1 dependence appears to involve a second cytoplasmic
binding site. Aronson, Nee and Suhm [43] have postulated that
an allosteric modifier site, located on the cytoplasmic domain of
the transporter, regulates Na:H exchange. According to this
hypothesis, the activity of the exchanger progressively de-
creases with increasing pH1 until a threshold is reached above
which Na:H exchange ceases.
Grinstein and co-workers [28, 30] have demonstrated that pH,
does not decrease during cell shrinkage. Therefore, they sug-
Na *
2C1 -
Fig. 3. Model of the effects of ADH on salt transport processes in the
mTAL.
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gested that cytosolic acidification was not the trigger for acti-
vation of Na:H exchange during post-VRD VRI in lympho-
cytes. Instead, these investigators have demonstrated a shift to
the right of the pH1 activation response of the Na:H ex-
changer that is induced by cell shrinkage. This shift (purport-
edly due to phosphorylation of either the Na:H exchanger or
a regulator of the exchanger) would produce maximal activation
of the Na:H exchanger at a normal (unchanged) pH1.
Whether a similar alteration of the pH1 activation response of
the basolateral Na:H1 exchanger occurs during hypertonic
VRI in the mouse mTAL has not been determined.
Role of protein kinase
Osmotic perturbations and phorbol esters have been shown
to activate Na:H exchange in lymphocytes [30]. These
stimuli have also been observed to phosphorylate a 60 kD
lymphocyte membrane protein and to increase phosphoinosit-
ide turnover. Furthermore, these stimuli have similar pharma-
cologic and kinetic properties: they are not additive and are
inhibited by trifluoroperazine (a protein kinase C inhibitor),
n-ethylmaleamide (an alkylating agent) and ATP depletion.
Tumor promoting phorbol esters are also known to have
mitogenic activity in other cell types in association with activa-
tion of Na:H exchange. For example, Rosoff, Stein and
Cantley [43] have shown that TPA and lipopolysaccharide can
induce differentiation in a murine pre-B lymphocyte cell line by
enhancing amiloride sensitive Na:H exchange. Grinstein
postulated that osmoti and TPA stimulated phospholipase C
and, via diacylglycerol release, activated protein kinase C with
subsequent activation of Nauptake mechanisms. However,
additional studies have failed to document increased levels of
phosphoinositides or phospholipase C activity during hyper-
tonic volume regulation. Thus, the significance of the phosphor-
ylation response to osmotic shrinkage and phorbol esters re-
mains speculative.
Summary
In conclusion, maintenance of volume homeostasis is a
fundamental requirement of all cells. For many cell types, this
process requires expression of ion cotransport mechanisms as
well as accumulation of osmotically-active organic compounds.
Recent observations have indicated that the cellular mecha-
nisms responsible for modulating hypertonic volume regulation
are complex and appear to involve hormonal, biochemical and
physico-chemical stimuli. Knowledge of the specific ion-trans-
port mechanisms involved in the initial phase of VRI, the
factors that control their expression, and the interrelationships
between inorganic and organic solute accumulation will be
required before an in depth understanding of hypertonic cell
volume regulation in medullary nephron segments can be
achieved.
Acknowledgments
J.D. Blumenfeld and E.B. Grossman are recipients of Individual
National Research Service Awards (SF32 DK-07612 and SF32 DK-
07612, respectively). A. Sun is supported by training grant T32-
DK07527 from the National Institutes of Health. S.C. Hebert is an
Established Investigator of the American Heart Association. Support to
S.C.H. was provided by NIH grant DK36803-03A1.
Reprint requests to Steve Hebert, M.D., Laboratory of Kidney and
Electrolyte Physiology, Brigham and Women's Hospital, Thorn Build-
ing—Room 1028, 75 Francis Street, Boston, Massachusetts 02115,
USA.
References
1. HEBERT SC: Volume regulation in renal epithelial cells. Semin
Nephrol 7:48—60, 1987
2. KIRK KL, BIBONA DR, SCHAFER JA: Morphologic response of the
rabbit cortical collecting tubule to peritubular hypotonicity: Quan-
titative examination with differential interference contrast micros-
copy. J Membr Biol 79:53—64, 1984
3. KIRK KL, SCHAEFER JA, DIBONA DR: Quantitative analysis of the
structural events associated with antidiuretic hormone-induced
volume reabsorption in the rabbit cortical collecting tubule. J
Membr Biol 79:65—74, 1984
4. STRANGE K, SPRING KR: Basolateral cell membrane water perme-
ability (Lp) in perfused rabbit cortical collecting ducts (CCD).
(abstract) Kidney ml 27:334, 1985
5. MA, THOMAS 5: The time course of changes in renal tissue
composition during lysine vasopressin infusion in the rat. Pflugers
Arch 310:297—319, 1969
6. SCHULTZ SG: Homocellular regulatory mechanisms in sodium-
transportingepithelia: Avoidance of extinction by "flush-through".
Am J Physiol 241 (Renal Fluid Electrol Physiol 10): F579—590, 1981
7. SIEBENS AW: Cellular volume control, in The Kidney: Physiology
and Pathophysiology, edited by SELDIN DW and GIEBI5cH G, New
York, Raven Press, 1985, pp. 91—1 15
8. MACKNIGHT ADC, LEAF A: Regulation of cellular volume, in
Physiology of Membrane Disorders, edited by ANDREOLI TE,
HOFFMAN JF, FANESTIL DD, New York, Plenum Press, 1986, pp.
311—328
9. LAW RO: Volume adjustment by renal medullary cells in hypo- and
hyperosmolal solutions containing permeant and impermeant so!-
utes. J Physiol 247:55—70, 1975
10. MORGAN T: Effect of NaCl on composition and volume of cells of
the rat papilla. Am J Physiol 232 (Renal Fluid Electrol Physiol):
Fl17—F122, 1977
11. LAW RO: Studies on the relationship between rat renal medullary
cell volume and external anion concentration in hyperosmolal
media. J Physiol 307:475—490, 1980
12. BECK F, D0RGE A, RICK R, THURAU K: Intra- and extracellular
element concentrations of rat renal papilla in antidiuresis. Kidney
mt 25:397-403, 1984
13. SAUBERMANN AJ, DOBYAN DC, SCHEID VL, BULGER RM: Rat
renal papilla and comparison of two techniques for x-ray analysis.
Kidney ml 29:675—681, 1986
14. GULLANS SR, BLUMENFELD JD, BALSCHI JA, BRENNER RM,
HEILIG CW, HEBERTSC: Dehydration increases organic osmolytes
in the renal inner medulla. American Society of Nephrology Meet-
ing, Washington, DC, 1987
15. BAGNASCO S, BALABAN R, FALE5 HM, YANG Y-M, BURG M:
Predominant osmotically active organic solutes in rat and rabbit
renal medullas. JBiol Chem 261:5872—5877, 1986
16. BLUMENFELD JD, HEBERT SC, HEILIG CW, BALSCHI JA, STROM-
sKI ME, GULLAN5 SR: Organic osmolytes in inner medulla of
Brattleboro rat: Effects of ADH and dehydration. Am J Physiol (in
press)
17. HEBERT SC: Hypertonic cell volume regulation in mouse thick
limbs II. Na-H and C1-HC03 exchange in basolateral mem-
branes. Am J Physiol 250 (Cell Physiol 19):C920—C931, 1986
18. HEBERT SC: Hypertonic cell volume regulation in mouse thick
limbs I. ADH dependency and nephron heterogeneity. Am J
Physiol 250 (Cell Physiol 19):C907—C9l9, 1986
19. SuN AM, HEBERT SC: Rapid hypertonic cell volume regulation in
the perfused rat inner medullary collecting duct: Role of ADH.
Kidney mt (in press)
20. SOMERO GN: Protons, osmolytes and fitness of internal milieu for
protein function. Am J Physiol 251 (Reg Integr Comp Physiol 20):
Rl97—R2l3, 1986
21. BAGNACO SM, UCHIDA S, BALABAN RS, KADOR PF, BURG MB:
Induction of aldose reductase and sorbitol in renal inner medullary
440 Blumenfeld et at: Na-coupled ion cotransport
cells by elevated extracellular NaC1. Proc Nat Acad Sci USA
84:1718—1720, 1987
22. EHRENFELD J, COUSIN J-L: Ionic regulation of the unicellular green
alga Dunaliella tertiolecta: Response to hypertonic shock. J Membr
Biol 77:45—55, 1984
23. SUTHERLAND L, CAIRNEY J, ELMORE Mi, BOOTHH IR, HIGGINS
CF: Osmotic regulation of transcription: Induction of the prolJ
betaine transport gene is dependent on accumulation of intracellu-
lar potassium. J Bacteriol 168:805—814, 1986
24. ERIcsoN A-C, SPRING KR: Volume regulation by Necturus gall-
bladder: apical Na-H and C1-HC03 exchange. Am J Physiol
243 (Cell Physiol 12):Cl46—Cl50, 1982
25. GRINSTEIN S, ROTHSTEIN A, SARKAEDI B, GELFAND EW: Re-
sponses of lymphocytes to anisotonic media: Volume-regulating
behavior. Am J Physiol (Cell Physiol 15):C204—C215, 1984
26. CALA PM: Volume regulation by red blood cells: Mechanisms of
ion transport. Mo! Physiol 4:33—52, 1983
27. LOPES AG, GuGGIN0 WB: Volume regulation in the early proximal
tubule of the Necturus kidney. J Membr Biol 97:117—125, 1987
28. GRINSTEIN S, CLARKE CA, ROTHSTEIN A: Activation of Na/H
exchange in lymphocytes by osmotically induced volume changes
and by cytoplasmic acidifcation. J Gen Physiol 82:619—638, 1983
29. GRINSTEIN S. ROTHSTEIN A: Mechanisms of regulation of the Na/H
exchanger. J Membr Biol 90:1—12, 1986
30. GRINSTEIN S, GOETZ-SMITH JD, STEWART D, BERESFORD BJ,
MELLORS A: Protein phosphorylation during activation of Na/H
exchange by phorbol esters and by osmotic shrinkage. J Biol Chem
261:8009—8016, 1986
31. GECK P, PFEIFFER B: Na + K + 2C1 cotransport in animal
cells—its role in volume regulation. Ann NYAcad Sci 456:166—182,
1985
32. OWEN NE, PRASTEIN ML: Na/K/Cl cotransport in cultured human
fibroblasts. J Biol Chem 260:1445—1451, 1985
33. USSING HH: Volume regulation and basolateral cotransport of
sodium, potassium and chloride ions in frog skin epithelium.
Pflugers Arch 405 (suppl l):S2—S7, 1985
34. EVELOFF JL, CALAMIA J: Effect of osmolality on cation fluxes in
medullary thick ascending limb cells. Am J Physiol 250 (Renal Fluid
Electrol Physiol 19):F176—F1 80, 1986
35. KREGENOW FM: Osmoregulatory salt transporting mechanisms:
Control of cell volume in anisotonic media. Ann Rev Physiol
43:483—505, 1981
36. L0HRJ, GRANTHAM J: Determinants of isovolumetric regulation in
isolated proximal S2 segments in hypertonic media. (abstract) Clin
Res 34:419, 1986
37. LOHR J, GRANTHAM J: Isovolumetric regulation in anisotonic
media: A new approach to study compensated cell volume regula-
tion in isolated proximal S, segments. (abstract) Kidney mt 29:4 19,
1986
38. ROME L, LECHENE C, SAVIN V, GRANTHAM J: Critical role of
short-chain fatty acids in isovolumetric regulation of proximal S2
segments in hyperosmotic media. American Society of Nephrology
Meeting, Washington, DC, 1987
39. DOBYAN DC, BULGER RE: Renal carbonic anhydrase. Am J
Physiol 243 (Renal Fluid Electrol Physiol 12):F311—F324, 1982
40. HEBERT SC, SCHAFER JA, ANDREOLI TE: The effects of antidi-
uretic hormone (ADH) on solute and water transport in the mam-
malian nephron. JMembrBiolS8:l—19, 1981
41. KAHN AM, DOBS0N GM, HISE MK, BENNETT SC, WEINMAN EJ:
Parathyroid hormone and dibutyryl cAMP inhibit Na7H ex-
change in renal brush border vesicles. Am J Physiot 248 (Renal
Fluid Electrol Physiol l7):F2l2—F2l8, 1985
42. KREGENOW FM, ROBBIE DE, ORLOFF J: Effect of norepinephrine
and hypertonicity on K efilux and cyclic AMP in duck erythro-
cytes. Am J Physiol 231:306—312, 1976
43. ARONSON PS, NEE J, SImM MA: Modifer role of internal H in
activating the Na-H exchanger in renal microvillus vesicles.
Nature (Land) 299:161—163, 1982
44. ROSOFF PM, STEIN LF, CANTLEY LC: Phorbol esters induce
differentiation in a pre-B-lymphocyte cell line by enhancing Na/H
exchange. J Biol Chem 259:7056—7060, 1984
